Lysyl oxidases (LOXs) are enzymes involved in collagen deposition, extracellular membrane remodeling, and invasive/metastatic potential. Previous studies reveal an association of LOXs and endometriosis. We aimed to identify the mechanisms activated by upregulation of lysyl oxidases (LOX) in endometriotic cells and tissues. We hypothesized that LOX plays a role in endometriosis by promoting invasiveness and epithelial to mesenchymal transition (EMT). Methods: The LOX protein expression levels were measured by immunohistochemistry in lesions and endometrium on a tissue microarray (TMA) and in endometrial biopsies from patients and controls during the window of implantation (WOI). Estradiol regulation of LOX expression was determined by quantitative polymerase chain reaction (qPCR). Proliferation, invasion, and migration assays were performed in epithelial (endometrial epithelial cell), endometrial (human endometrial stromal cell), and endometriotic cell lines (ECL and 12Z). Pathway-focused multiplex qPCR was used to determine transcriptome changes due to LOX overexpression. Results: LOX protein was differentially expressed in ovarian versus peritoneal lesions. During WOI, LOX levels were higher in luminal epithelium of patients with endometriosis-associated infertility compared to controls. Invasive epithelial cell lines expressed higher levels of LOX than noninvasive ones. Transfection of LOX into noninvasive epithelial cells increased their migration in an LOX inhibitor-sensitive manner. Overexpression of LOX did not fully induce EMT but the expression of genes related to fibrosis and extracellular matrix remodeling were dysregulated. Conclusions: This study documents that expression of LOX is differentially regulated in endometriotic lesions and endometrium. A role for LOX in mediating proliferation, migration, and invasion of endometrial and endometriotic cells was observed, which may be implicated in the establishment and progression of endometriotic lesions.
Introduction
Endometriosis is characterized by growth of endometrial tissue outside the uterine cavity, causing severe pelvic pain and, often, infertility, defined as diminished ability or inability to conceive. 1 Preliminary studies in our laboratory and others independently point to a possible role of lysyl oxidases (LOXs) in endometriosis. The LOX gene expression was shown to be significantly increased in endometriosis-like lesions in animal models of the disease 2,3 and in human endometriotic lesions compared to the normal endometrium of women with endometriosis. 4, 5 Lysyl oxidases are a family of copper-dependent extracellular amine oxidases composed of 5 isoforms (LOX and LOX-like LOXL1-4) encoded by 5 different genes. These isoforms are 70% homologous at the protein level and share a conserved C-terminal domain. 6 In addition to a role in collagen and elastin cross-linking and in stabilization and stiffness of the extracellular matrix, LOXs have been ascribed roles in cell growth regulation, differentiation, and cell migration of cancer as well as in normal cells. [7] [8] [9] [10] Expression of LOXs has been correlated with in vitro and in vivo tumor invasion capacity and with the metastatic phenotype of cancer cell lines. [11] [12] [13] [14] [15] [16] [17] The LOX family members cooperate with the transcription factor SNAIL to downregulate expression of E-cadherin thus promoting epithelial to mesenchymal transition (EMT), a molecular process that underlies fibrotic and metastatic cellular phenotypes. 18, 19 Interestingly, LOXL1, a LOX family member, is one of the most downregulated genes in the endometrium during the window of implantation (WOI). 20, 21 Also, LOXL4 is located in 10q23.3, near a region significantly linked to endometriosis, 22 and recently, single-nucleotide polymorphisms in this gene were found to be associated with endometriosis and infertility. 23 It has been estimated that up to 50% of patients with endometriosis will have fertility problems. 24 The pathogenesis of endometriosis-associated infertility remains an unsolved issue in reproductive medicine, although a number of molecular pathways involving defects in the functional interaction of integrin-extracellular membrane ECM ligands (eg, fibronectin, collagen IV, and collagen I) have been implicated. [25] [26] [27] Studies of the underlying mechanisms involved in endometriosis and endometriosis-associated infertility would offer the possibility of identifying specific biomarkers and new treatment modalities for both conditions. Although neither endometriosis nor infertility is a life-threatening disease, living with chronic, severe physical pain and/or the emotional distress of failed motherhood is known to inflict substantial negative impact in the quality of life of millions of women around the world. [28] [29] [30] [31] This study was conducted to investigate the expression levels of LOX in endometriotic cell lines and in tissues (lesions and eutopic endometrium from patients and controls) as well as during WOI in endometrial biopsies obtained from women with endometriosis-associated infertility and fertile controls. We hypothesized that upregulation of LOX levels can lead to aberrant proliferative, migratory, and invasive behaviors, and cause the dysregulation of ECM remodeling changes in endometrium. We report herein that LOX is aberrantly expressed in ectopic and eutopic endometrium from patients with endometriosis and that overexpression increased the proliferative and invasive phenotype of epithelial cells in vitro; however, LOX expression alone was not able to fully induce EMT. These findings may help advance the current understanding of the mechanisms at play in endometriosis, infertility, and other menstrual disorders.
Materials and Methods
All protocols involving tissue collection were approved by the institutional review board (IRB) Committee of Ponce Health Sciences University-School of Medicine (PHSU).
Endometriosis Tissue Microarray
Deidentified formalin-fixed paraffin-embedded (FFPE) endometrium and endometriosis tissues were obtained from a collaborating pathology laboratory after protocol approval by the PHSU IRB Committee. Average age of patients and controls represented in the TMA was 35 and 42 years old, respectively. All biopsies were evaluated by a pathologist (MG) who confirmed diagnosis and stage of the menstrual cycle of eutopic endometrial samples using Noyes criteria. 32 A total of 164 core biopsies obtained from 83 tissue blocks were used to construct a TMA at the Moffitt Cancer Center Pathology Department. From most blocks, 2 different core biopsies were included in the TMA. The total number of cores on the TMA was 29 ovarian endometriosis, 16 fallopian tube endometriosis, 34 peritoneal endometriosis, 4 skin (umbilical) endometriosis, 7 gastrointestinal (GI), 22 eutopic proliferative endometrium of patients with endometriosis (EE), 14 control proliferative phase endometrium (PE), and 38 control secretory phase endometrium (SE). Control endometria were obtained from women with uterine myomas, abnormal uterine bleeding, or enlarged/prolapsed uterus.
Immunohistochemistry Analysis of LOX Protein Expression in Endometrium and Endometriotic Samples on a TMA
Ten-mm sections of the TMA block were cut for immunostaining. The endometriotic and eutopic endometrial tissue sections on the TMA were stained using the LSABþ Kit (Dako, Carpinteria, California) following the manufacturer's recommendations and as previously described. 33 Briefly, after dewaxing and rehydration, antigen retrieval and removal of endogenous peroxidase activity were conducted using standard methods. A TMA section was incubated for 1 hour at room temperature (RT) with anti-human LOX antibody (1:800 dilution, Novus Biologicals, Littleton, Colorado, cat# NB100-2530), followed by 30-minute incubation at RT with the secondary biotinylated antibody. After development with diaminobenzidine, the slide was counterstained with hematoxylin. Positive controls were sections of tonsils. The slide was scanned to produce a virtual image using the VENTANA Virtuoso image and workflow management software (Ventana Medical Systems, Inc; Tucson, Arizona).
Immunostaining intensity was blindly scored by 2 investigators in nuclei of epithelium, glands, and stroma using a 0 to 3 score system: 0 ¼ no staining, 1 ¼ weak, 2 ¼ moderate, and 3 ¼ strong staining.
Immunohistochemistry of LOX in Endometrial Biopsies During WOI
Deidentified FFPE endometrial biopsies of women were obtained by reproductive endocrinologists (PB and NB) during mid-secretory phase (postovulatory day þ7 to þ10), that is during WOI, as part of the infertility workup of the patients at the infertility clinics. We included in our analysis women younger than 41 years of age with regular menstrual cycles, with a surgical diagnosis of endometriosis (n ¼ 5; group 1), and fertile women who were undergoing infertility treatment due to tubal ligation or male factor infertility (n ¼ 6; group 2 -controls). Endometrial tissue was obtained during office by curettage with a Pipelle curette following standard procedures, fixed with 10% formalin, then dehydrated and embedded in paraffin. Only biopsies that contained stroma, glands, and epithelium were analyzed. Samples were dated for endometrial development by a pathologist according to Noyes criteria 32 to exclude those that were not in the secretory phase. The immunolocalization of LOX protein was conducted using anti-LOX antibody (1:800 dilution) previously described on the TMA methodology.
Cell Culture
The stromal endometriotic cell line ECL (Hs832cT; CRL-7566) was obtained from American Type Culture Collection (ATCC; Manassas, Virginia) and cultured following their recommendations. 34 We also tested expression of LOX in 2 primary stromal endometriotic cell lines (PEC and PED) isolated at our laboratory from 1 ovarian and 1 peritoneal lesion, respectively (Bello et al, unpublished data). The endometriotic epithelial cell line 12Z was obtained as part of a collaboration with Dr Fazleabas and Dr Starzinski. 35 This cell line has been extensively characterized by Banu et al. 36 As controls, we used the invasive human endometrial stromal cell (HESC) line (CRL-4003; ATCC), noninvasive epithelial cells (endometrial epithelial cells-EECs, which have recently been shown to have Michigan Cancer Foundation -7 (MCF7) characteristics by DNA fingerprinting), 37 HES (human EECs; shown to have HeLa characteristics by DNA fingerprinting analysis 38 ), HeLa cells, human uterine fibroblast cells, and the highly invasive breast carcinoma cells Hs578T (ATCC). All cells were maintained at 37 C in a humidified incubator with 5% CO 2 and cultured using recommended media as described previously. 39, 40 For the hormone experiments, 1 million cells were cultured in 6-well tissue culture dishes until 90% confluence at which time medium was replaced by fresh serum-deprived media (1% charcoal-dextran stripped fetal bovine serum). After 24 hours, cells were incubated with 10 À8 mol/L estradiol (E2) in serum-deprived media for 24 hours. Control cells received media plus vehicle (0.1% ethanol). Cells were washed and trypsinized for RNA and protein isolation as described subsequently. All experiments were repeated 3 times.
Quantitative Polymerase Chain Reaction
Basal and E2-regulated LOX gene expression levels were measured using TaqMan Gene Expression Assays (LOX: Hs00184700_m1; Applied Biosystems, Foster City, California) at 24, 48, and 72 hours. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH: Hs99999905_m1) or ribosomal protein S17 (RPS17; Hs00734303_g1) was used as control for normalization purposes. Quantitative polymerase chain reaction (qPCR) reactions were performed in triplicate on an iCycler (Bio-Rad, Hercules, California). Gene expression levels were calculated according to the 2 ÀDDCt method as described by Livak and Schmittgen. 41 
Analysis of Estrogen Response Elements in LOX Genomic Sequence
The genomic sequences of LOX (NM_001178102) plus the 50kb upstream promoter sequence were downloaded from the UCSC genome Browser (genome.ucsc.edu, build hg19) and scanned for putative estrogen response elements (EREs) using the position weight matrix (PWM) constructed from 48 experimentally identified EREs (15 bp in length) 42 and PWMs in the TRANFAC database, respectively. A subsequence was declared a putative binding site when the P value of its log-likelihood ratio score was .0001. 43 In addition, the 50kb upstream sequences were checked for EREs using publically available ChIP data sets. 44, 45 In Vitro Cell Proliferation Assays (5-Bromo-2 0 -deoxyuridine Incorporation Assay) Proliferation rates of endometriotic, endometrial, and cancer cell lines were determined using the 5-bromo-2 0 -deoxyuridine (BrdU) cell proliferation enzyme-linked immunosorbent assay (ELISA) assay kit (Millipore, Billerica, Massachusetts) according to the manufacturer's specifications. Briefly, HESC (20 000 cells/well), EEC (40,000 cells/well), and 12Z (20 000 cells/well) were cultured in complete media in triplicate. Following incubation in serum-deprived media for 24 hours at 37 C in 5% CO, BrdU labeling solution was added to cells alone and in combination with 10 mmol/L of LOX pan inhibitor b-aminopropionitrile (b-APN; Sigma Aldrich, St Louis, Missouri) and incubated for another 48 hours. After removal of the culture medium, the cells were fixed, permeabilized, and DNA denatured. Cell proliferation was assayed by quantification of BrdU that is incorporated into the newly synthesized DNA of replicating cells. The BrdU levels were measured in an ELISA plate reader (MRX Revelation, Dynex Technologies, Inc, Chantilly, Virginia) by colorimetric detection using anti-BrdU antibody followed by the mouse immunoglobulin G peroxidase conjugate. The signal was developed with tetramethylbenzidine solution in darkness. Spectrophotometric detection was performed at 450 nm with a reference wavelength at 595 nm. Experiments were performed in triplicate.
In Vitro Cell Migration Assay (Scratch Assay)
The basal migration capacity of endometriotic, endometrial, and cancer cell lines was measured by Scratch assays. The cells were seeded and cultured in 6-well plates until they reached *90% to 100% of confluence and then incubated 24 hours with deprived media as described. 46 A scratch was made in the middle of the well using a 100 mL sterile pipette tip, and cells were further grown in deprived media for an additional 72 hours. Photos were taken at different time points (0, 8, 24, 48, and 72 hours) after the initial scratch was made (Olympus Light Microscope, 4-100X, Olympus, Center Valley, Pennsylvania). Measurements of the area without cell growth were taken using TScratch software (Computational Science and Engineering Laboratory, Zurich, Switzerland). 47 Percentage of invasion was determined by dividing the average area of the scratch measured at 0 hours by the average of the scratch measured at 24, 48, and 72 hours, then multiplied by 100. The fold expression index was calculated by dividing the percentage of invasion for each cell line by the percentage of invasion of the noninvasive control cells (EEC) as described earlier. 48 HESC, EEC, ECL, and 12Z cells were also incubated with or without 2.5 to 30 mmol/L of the LOX inhibitor, b-aminopropionitrile (bAPN; Sigma-Aldrich, St Louis, Missouri) for up to 72 hours to determine the effects of blocking LOX in the wound healing capacity of the cells. Experiments were conducted 3 times in duplicate.
Matrigel Cell Invasion Assays
Invasion capacity of endometriotic, endometrial, and cancer cell lines was measured using the BioCoat Matrigel Invasion Chambers (BD Biosciences, San Jose, California). Cell suspensions (2.5 Â 10 4 cells in 500 mL of complete culture medium) were added to chambers (control and matrigel) and incubated overnight in a humidified tissue culture incubator at 37 C, 5% CO 2 atmosphere. After incubation, the medium was removed and the noninvading cells were removed by scrubbing the insert membrane with a cotton swab. The cells were then stained using Diff-Quik Kit (Dade Behring, Inc, Newark, Delaware) and counted in 8 different fields under light microscopy (40X objective; Olympus Microscope, Olympus, Center Valley, Pennsylvania). Percentage of invasion was determined by dividing the mean of cells invading the Matrigel insert membrane by the mean of cells invading the control insert membrane, then multiplying by 100. The invasion index was assessed by dividing the percentage of invasion of transfected cells by the percentage of invasion of the control cells as described by the manufacturer. Experiments were conducted in duplicate.
Transfection of LOX Into Noninvasive Epithelial Cancer Cells
To determine the in vitro functional and biological roles of LOX, the noninvasive epithelial cancer cell line EEC was transfected with pCMV-XL5-LOX or with empty vector (pCMV-XL5; complementary DNA Clones, Origene, Rockville, Maryland) using Lipofectamine 2000 transfection reagent and protocol (Invitrogen, Grand Island, New York). Briefly, EEC cells were seeded in a 6-well tissue culture plate at *2 Â 10 5 cells/well in 2 mL of culture medium. Once the cells reached approximately 80% to 90% of confluence, they were cultured in medium without antibiotic 24 hours prior to the transfection. Lipofectamine/ DNA complexes were generated with 2 mg of DNA suspended in Opti-MEM I Reduced Serum Medium (Invitrogen) and incubated for 30 minutes at RT. The cells were then incubated with the complexes for 24 hours at 37 C under 5% CO 2 , and then serum-free medium was replaced for complete fresh medium after 24 hours of the transfections. Expression of LOX was assessed by qPCR as described earlier. Downstream experiments (proliferation, invasion, and gene expression profiling) were performed 48 hours after transfections as described earlier.
RT 2 Profiler Pathway-Focused Gene Expression Profiling of LOX Transfectants
Total RNA was isolated from LOX-transfected cells using RNAeasy kit (Qiagen, Valencia, California) following standard protocols. After DNase treatment, RNA was quantified using a Biophotometer (Eppendorf, Hauppauge, New York). Total RNA (1 mg) was reverse transcribed using the RT2 First Strand Synthesis Kit according to the manufacturer's protocol (C-03/ 330401; SABiosciences, QIAGEN; Frederick, Maryland). Complementary DNA (cDNA) was added to RT2 SYBR Green/Fluorescein qPCR Master Mix (PA-011-12/330512; SABiosciences, QIAGEN; Frederick, Maryland) according to the manufacturer's protocol. The Human Fibrosis Array (HFA; PAHS-120A-12; SABiosciences, QIAGEN) and Human EMT (PAHS-090A-12; SABiosciences, QIAGEN) were used to identify the panel of genes regulated by overexpression of LOX. Complementary DNAs were added to each well of the HFA or EMT PCR plate, and qPCR reactions were performed in triplicate on an iCycler (Bio-Rad, Hercules, California) following the manufacturer's protocol. The PCR Array Data Analysis Web Portal was used as a tool to analyze gene expression results.
Statistical Analyses
Basal gene expression is reported as relative units (RU; 2 ÀDCt ) normalized against expression of GAPDH or RPS17. Gene expression levels in cells treated with E2 were calculated according to the 2 ÀDDCt method, relative to the expression in media plus vehicle (CV). 41 For tissues, after normalization with housekeeping gene, mean fold-expression changes (2 ÀDDCt ) + standard error of the mean relative to the mean expression level in endometrial biopsies from women without endometriosis were reported. Nonparametric independent sample t test (Wilcoxon) or analysis of variance (ANOVA) with Dunn posttest was conducted to determine statistical significance of differences among study groups, using independent sample. Wilcoxon tests were done to assess statistical significance of selected differences between groups. Statistical significance of the differences in proportions of endometrial tissues with strong immunostaining was assessed by 2-sided Fisher exact test. Statistical significance level was set at P < .05. SPSS15 (SPSS Inc, Chicago, IL) or GraphPad Prism (Chicago, Illinois) were used for the statistical analysis.
Results

Protein Expression of LOX in Endometrial and Endometriotic Tissues on a TMA
Expression of LOX protein was significantly higher in both glands and stroma of ovarian lesions compared to those obtained from the peritoneum (Figure 1 ). In glands, LOX protein expression in skin endometriosis was also significantly higher than that of peritoneal lesions ( Figure 1A) . Only in stroma, LOX expression was significantly higher in ovarian lesions compared to fallopian tube endometriosis ( Figure 1B ). In addition, we observed a significantly higher expression of LOX protein in glands and stroma of proliferative endometrium of patients with endometriosis compared to those from controls.
Expression of LOX Protein During WOI in Endometrium of Infertile Women With Endometriosis Compared to Fertile Women
The LOX protein expression levels in the endometrium (eg, stroma, glandular epithelium, and luminal epithelium) during WOI was determined using immunohistochemistry (IHC) in the endometrium of patients with endometriosis-associated infertility (group 1) or in those of fertile women (group 2). All biopsies in these 2 groups were obtained from women who had not received any infertility treatment. We observed a significantly higher level of expression of LOX in the luminal epithelium of the endometrium obtained from patients with endometriosis-associated infertility (G1; representative results shown in panel A of Figure 2 ) compared to fertile controls (G2; representative results shown in panel B of Figure 2 ; P ¼ .032). A negative control is shown in panel C. The LOX-specific staining was mostly observed in the cytoplasm of the endometrial epithelial cells. No significant differences in protein expression levels in the glandular and stromal compartments between the groups were observed (data not shown).
In Vitro Basal and E2-Regulated LOX Gene Expression
We determined the basal messenger RNA (mRNA) expression levels of LOX in endometriotic, endometrial, and cancer cell lines using qPCR. Figure 3 shows basal gene expression levels of LOX in cells expressed as relative units after normalization with the housekeeping gene (RPS17). LOX was highly expressed by all the stromal endometrial and endometriotic cell lines studied. The epithelial endometriotic cell line 12Z expressed LOX at higher levels than its counterparts, the epithelial cell lines HeLa and HES. The LOX expression was highest in the primary endometriotic cell lines PEC and PED and also the endometriotic cell line ECL (the 3 of them stromal). E2 did not significantly modulate LOX mRNA expression in any of the cell lines studied, which correlates with the absence of EREs in the LOX promoter region (data not shown).
Effects of LOX on Proliferation Rates of Endometrial and Endometriotic Cells
The role of LOX in modulation of proliferation rates was determined by measuring incorporation of BrdU in endometrial stromal (HESC) and endometriotic (12Z) cells in the presence or absence of the LOX pan inhibitor (b-APN; Figure 4 ). 12Z cells had a significantly higher rate of proliferation compared to HESC cells (P .05). Treatment with b-APN significantly Figure 1A ) and stroma ( Figure 1B) . In order to use analysis of variance with post hoc Bonferroni contrasts, we used the natural logarithm of the intensity score plus 1 to approach normalization. One-way analysis of variance was carried out comparing the mean scores among 6 endometriotic lesion locations and the eutopic endometrium from patients and controls. Analysis was conducted separately for stroma and glands. The results are summarized graphically, depicting the mean intensity scores and error bars and the statistical significance level among them (a, P < .05; b, P < .01; c, P < .001).
reduced the proliferation rates of HESC and 12Z cells by 28.7% (P ¼ .038) and 31.7% (P ¼ .012), respectively.
Effects of LOX on Migration Index of Endometrial and Endometriotic Cell Lines
Scratch assays were performed to determine the migration capacity of endometrial and endometriotic cell lines ( Figure 5 , panels A, B, and C). At 72 hours, the basal migration capacity into the wound was 78% for HESC cells (Figure 5A , P ¼ .0273), 43% for ECLs ( Figure 5B , P ¼ .0987), and 63% for 12Z ( Figure 5C capacity of HESC cells. 12Z cells had the highest basal migration capacity at 24 hours and were sensitive to the lower dose of b-APN (2.5 mmol/L) at 24 hours. However, the higher dose of 10 mmol/L was not sufficient to completely abolish their migration rate.
Effect of LOX in Invasion Capacity of Transfected Noninvasive Epithelial Cells
To measure the effect of LOX in invasion capacity, the noninvasive epithelial cell line MCF7 was transfected with LOX or empty vector and migration measured using BioCoat Matrigel Invasion chambers. Figure 6A shows the basal expression of LOX of the 3 cell lines tested. Compared to other cell lines (eg, HESC and ECL), the EEC cells do not express LOX and are poorly invasive ( Figure 6A and B) . LOX overexpression significantly increased the invasion capacity of the transfected EEC cells (ANOVA, P ¼ .0010) when compared to the wild-type (P .01) and empty vector (P .05) invasion averages ( Figure 6C ).
Effect of LOX on the Transcriptome of Transfected Epithelial Cells
The molecular profile of transfected EEC cells was determined using the Human Fibrosis (HF) and the Human EMT Superarrays as described in detail in Methods section. LOX overexpression caused significant downregulation in gene expression levels of Actin, a 2, smooth muscle, and aorta (ACTA2), chemokine [C-C motif] ligand 11 (CCL11), Fas ligand (FASLG), interleukin 10 (IL10), Mothers Against Decapentaplegic (SMAD6), transforming growth factor beta receptor 1 (TGFBR1), and tissue inhibitor metalloproteinase 3 (TIMP3) in the HF array ( Table 1) . The same experiment with the EMT array showed that LOX overexpression caused a significant upregulation in gene expression of regulator of Gprotein signaling (RGS2) and downregulation in the expression of desmoyokin (AHNAK [a nucleoprotein]), Cadherin 1 (CDH1 [Ecadherin; borderline significant]), Glycogen synthase kinase 3 beta (GSK3B), Notch homolog 1, translocation-associated (NOTCH1), and Vacuolar protein sorting 13 homolog A (VPS13A; Table 1 ). Other downregulated genes included CDH2, SNAI1, SNAI2, and SNAI3 (SNAIL homolog 1-3), but the changes in expression levels did not reach statistical significance. Thus, LOX overexpression induced changes in very few genes, including marginal downregulation of CDH1 (not significant, P ¼ .057) that is critical to EMT but without upregulation of CDH2 gene (encoding N-Cadherin).
Discussion
We have previously observed high levels of LOX expression in endometriotic lesions of a rat model of endometriosis. 2 These findings have been replicated by others using both rats and human endometriotic tissues. [3] [4] [5] We hypothesized that LOX expression could also be dysregulated in the eutopic endometrium of women with endometriosis due to high levels of estradiol and contributing to their proliferative and invasive phenotype. 49, 50 This study represents the first investigation of the LOX protein expression pattern in human endometrium and endometriosis and of its potential role in modulating cellular functions (eg, proliferation, migration, and invasion) in endometrial and endometriotic cell lines. Inhibition of LOX function has been proposed as a potential therapy for cancer, [51] [52] [53] thus investigations on the role of this enzyme in the etiology of endometriosis are of potential translational relevance.
We aimed to measure LOX-specific immunostaining on an endometriosis-focused TMA and observed significantly different levels of expression in the different types of endometriosis, being higher in ovarian versus peritoneal disease in both glands and stroma. We also observed significantly higher expression of LOX in both glands and stroma in eutopic proliferative endometrium from women with endometriosis versus proliferative endometrium from controls. The LOX plays role in extracellular matrix stability, integrity, and function as well as modulating focal adhesion, tissue stiffness, and integrin signaling; thus, it is possible that sustained LOX function may have an impact in the normal function of the endometrium. 54 Next, we investigated the clinical relevance of LOX in endometriosis-associated infertility by measuring its levels of expression and localization in eutopic endometrium during the WOI by IHC. We observed that the expression of LOX protein was higher in the luminal endometrial epithelium of women with endometriosis-associated infertility compared to fertile controls. The mechanisms involved in the infertility problems seen in patients with endometriosis are likely to be a combination of physiological and hormonal defects. 26, 55 It has also been proposed that the chronic inflammatory process resulting from endometriosis could alter the endometrial environment (soil) or the embryo quality (seed). [56] [57] [58] [59] [60] The high expression of LOX in the luminal epithelium shown here correlates with a possible impact in the interactions between the embryo and the endometrium during implantation or may lead to aberrant decidualization. [61] [62] [63] Interestingly, Talbi et al showed that LOXL1 is downregulated during the WOI. 20 In addition, several studies suggests that LOX is a potent ''chemokine'' inducing the migration of immune cells such as human monocytes and CD11b þ myeloid cells, thus potentiating the inflammatory milieu where LOX family members are expressed at high levels. 64, 65 Finally, we have recently uncovered a genetic association between genomic variants in LOXL4 and endometriosis-associated infertility. 23 Evidently, more samples are needed to validate these results and to understand the mechanisms whereby aberrant expression and/or function of LOX could affect the function of luminal endometrium and possibly implantation. [66] [67] [68] The LOX is normally found in various tissues including brain, prostate, and uterus and has been shown to be upregulated by several growth factors (fibroblast growth factor-2, insulin-like growth factor, prostaglandin E, and transforming growth factor b [TGF-b]), cytokines, and inflammatory molecules also known to be upregulated in endometriosis. [69] [70] [71] In order to assess the possibility that estradiol may be upregulating LOX, we next determined basal and E2-regulated LOX expression levels in cell lines. We observed that LOX mRNA was high in the stromal endometrial (HESC) endometriotic (ECL, PEC, and PED) stromal cell lines studied except for the epithelial 12Z cells. Treatment with E2 did not significantly regulate the expression of LOX in vitro, which was in accord with bioinformatic analyses of the regulatory regions of the LOX did not identify any EREs. Pelvic endometriosis is characterized by altered levels of proinflammatory factors in the peritoneum and within the ectopic endometriotic lesions that can modulate gene expression in organs of the pelvic area, such as the GI tract and the uterus. 72 Although LOX expression has been shown to be modulated by inflammation, its role in the endometrium, both in normal and pathological settings, is unknown. Relevant to endometriosis, overexpression of LOX could lead to abnormal ''surface to surface'' communication between underlying peritoneal epithelium and ectopic endometrium in pelvic endometriosis, but more studies are necessary to understand the role of LOX on interactions between refluxed menstrual tissue and peritoneal surfaces. Our in vitro results support the notion that LOX enzymatic function promotes cellular processes relevant to the endometriotic phenotype. We showed that LOX is highly expressed in endometriotic stromal and epithelial cell lines, and that it increases cellular proliferation, invasion, and migration. Addition of the LOX inhibitor bÀAPN led to significant decreases in proliferation and migration of HESC and 12Z cells. Because bÀAPN is a pan-inhibitor of LOX function, the contribution of other LOX isoforms to the invasive phenotype needs to be characterized further. Transfection experiments showed that increased expression of LOX by a noninvasive epithelial cell line was able to induce an invasive phenotype, thus confirming a role of LOX in promoting invasiveness de novo, via molecular mechanisms that were investigated next.
The LOXs have been implicated in ECM remodeling, invasion/metastasis, and fibrotic diseases. 73, 74 Therefore, we also assessed the effects of overexpressing LOX in the expression of key genes involved in EMT and fibrosis. Overexpression of LOX significantly upregulated the expression of only 1 gene: regulator of G-protein signaling (RGS2) and downregulated the expression of few genes (16 in total), including marginal downregulation of CDH1 (P ¼ .057). Downregulation of CDH1 (E-cadherin) with concomitant upregulation of CDH2 (Ncadherin, a mesenchymal cell marker) are hallmarks of EMT pathway. This cadherin switch leading the cells to a mesenchymal phenotype may be mediated by SNAI1 nuclear localization. However, we did not observe the full activation of EMT: CDH1 changes were minimal and without upregulation of CDH2. Also, LOX expression did not cause a significant downregulation of SNAIL isoforms (SNAI1, SNAI2, and SNAI3) mRNA levels.
Another key gene in this pathway is glycogen synthase kinase 3 beta (GSK3B), which has been reported to sequester and degrade SNAI1, inhibiting its nuclear localization and leading to CDH1 downregulation. GSK3B was downregulated by LOX, which suggests that available SNAI1 could go into the nucleus to induce the EMT process by blocking CDH1 expression. However, we did not observe a cadherin switch, and therefore can conclude that the SNAIL/CDH1 EMT pathway is not activated by LOX. 18 Interestingly, the only gene upregulated by LOX expression, RGS2, plays roles in cell migration, chemokine receptor signaling, and carcinogenesis, 75, 76 and has been shown to be expressed predominantly in stromal cells at implantation sites in mice, suggesting a role during implantation. 76, 77 One interesting finding was the downregulation of Notch homolog 1 by LOX overexpression. NOTCH1 plays a major role in development and mediates a survival signal in the uterine endometrium in response to chorionic gonadotropin (CG) for the establishment of a successful pregnancy. This gene has been shown to be downregulated in the eutopic endometrium of baboons and women with endometriosis and is associated with blunted decidualization. 78, 79 Induction of NOTCH1 during the WOI in response to CG exerts anti-apoptotic effects and induces stromal cell proliferation and decidualization, critical for implantation. 79 NOTCH1 downregulation may be thus be critical for the transition of stromal fibroblast to decidual cells, which is essential for the establishment of a successful pregnancy. 80 Downregulation of NOTCH1 could result in decreased proliferation and defects in differentiation, which needs to be studied further. 81 Overexpression of LOX in epithelial cells led to significant downregulation of the following genes: ACTA2 that normally plays a role in motility, structure, and integrity of the cell; CCL11 has been reported to be upregulated in the endometrium of baboons with endometriosis compared with the endometrium of disease-free animals 82 ; FASLG may induce apoptosis of T lymphocytes and produce an immunotolerant environment for the development of ectopic implants 83 ; IL10 has negative effects in immunoregulation and its downregulation could lead to increased inflammation 84 ; SMAD6 functions as a negative regulator of BMP and TGF-b/activin signaling 85 ; TIMP3 is one of the genes that are modulated by PGE2 receptors in endometriosis; selective inhibition of EP2 and EP4 suppresses expression and/or activity of metalloproteinase proteins and increases expression of TIMP1-4 proteins, decreasing migration and invasion of endometriotic cell lines 86 ; and VPS13A that plays roles in controlling protein trafficking through the trans-Golgi network to endosomes, lysosomes, and the plasma membrane. 87 In summary, the gene profiles observed in LOX transfectants are not fully compatible with activation of EMT mechanisms as we hypothesized. However, these results suggest that LOX may be implicated in a partial or early EMT and of fibrotic processes and that other factors are required to fully induce remodeling of the extracellular matrix. In conclusion, we found upregulation of the expression of LOX in cell lines, lesions, and in endometrium of women with endometriosis-associated infertility during the WOI. We provide evidence for a role of LOX in promoting proliferation, migration, and invasion. Additional in vitro and in vivo studies using animal models already available (baboons, rhesus macaques) would need to be conducted to test the hypothesis that LOX overexpression causes stiffness of luminal epithelium leading to defects in implantation.
